Journal Title: DNA Repair Volume: Volume 48 Publisher: Elsevier | 2016-12-01, Pages 51-62 Abstract DNA damaging agents are a constant threat to genomes in both the nucleus and the mitochondria. To combat this threat, a suite of DNA repair pathways cooperate to repair numerous types of DNA damage. If left unrepaired, these damages can result in the accumulation of mutations which can lead to deleterious consequences including cancer and neurodegenerative disorders. The base excision repair (BER) pathway is highly conserved from bacteria to humans and is primarily responsible for the removal and subsequent repair of toxic and mutagenic oxidative DNA lesions. Although the biochemical steps that occur in the BER pathway have been well defined, little is known about how the BER machinery is regulated. The budding yeast, Saccharomyces cerevisiae is a powerful model system to biochemically and genetically dissect BER. BER is initiated by DNA N-glycosylases, such as S. cerevisiae Ntg1.
Introduction
Genomes in both the nucleus and mitochondria are constantly exposed to various exogenous and endogenous DNA damaging agents (1) . A suite of DNA repair pathways cooperate to ensure the efficient repair of numerous types of DNA damage that result from such exposures (2, 3) . Oxidative DNA damage, caused by numerous sources including cellular metabolism (4, 5) and exogenous factors (6) , is one of the most common forms of DNA damage. Estimates suggest that 90,000 oxidative lesions and 200,000 apurinic/apyrimidinic (AP) sites are generated per human cell per day (7) (8) (9) . Unrepaired lesions can result in the accumulation of mutations which can trigger deleterious consequences including cancer and neurodegenerative disorders (1-3, 7, 8, 10-16) . The base excision repair (BER) pathway is primarily responsible for the removal and repair of toxic and mutagenic oxidative DNA damage (3, (17) (18) (19) . Numerous studies have defined in detail the biochemical steps that occur in the BER pathway (3, 20) , but little is known about how the BER machinery is regulated (21) . BER is initiated by the recognition and hydrolysis of a damaged base by a DNA Nglycosylase leaving an AP site (3, 20, 22, 23) . The AP site is then further processed to create a nick in the DNA backbone (3, 20, 22, 23) . Subsequent steps create a single-strand break that is then filled by a specialized DNA polymerase and sealed by ligase (3, 20, 22, 23) . These steps must occur in a sequential manner ensuring that AP sites and single strand breaks are properly managed to allow repair at the initial site of DNA damage without causing collateral damage via accumulation of BER intermediates (3, 20, 22, 23) . The human NTHL1 protein, which is a bifunctional Endonuclease III-like N-glycosylase/AP Recent discoveries highlight the importance of N-glycosylase regulation in cancer (36, 37) . Several studies identified mutations in the NTHL1 gene in a recently characterized cancer predisposition syndrome (38) (39) (40) . These heterozygous loss-of-function mutations in NTHL1 predispose patients to colorectal cancer and other forms of cancer (38) (39) (40) . Altered NTHL1 function can also result in mislocalization/accumulation of the protein in the cytoplasm of cancer cells in a subset of gastric tumors (36) . These studies provide evidence that proper function of NTHL1 is critical to maintain genomic integrity and cellular homeostasis.
Much of the work that has contributed to our knowledge of DNA repair mechanisms has exploited the budding yeast S. cerevisiae as DNA repair pathways are conserved through evolution (41) . Recent studies of the S. cerevisiae orthologues of NTHL1, Ntg1 and Ntg2, reveal that these proteins are post-translationally modified by the Small Ubiquitin-like MOdifier, SUMO (24, 42) . The Ntg1 protein is modified in response to DNA damage (24, 42) . Sumoylation has the potential to function in a number of regulatory roles including modulating protein-protein interactions and protein activity (27) (28) (29) (30) (31) (32) (33) (34) (35) . One well-characterized example of SUMO-mediated regulation of the BER pathway is the human thymine DNA glycosylase (TDG), where sumoylation of TDG triggers a conformational change which alters the DNA binding pocket of the enzyme to influence enzyme turnover (43) (44) (45) . This conformational change in TDG decreases the affinity of TDG for DNA leading to an increase in the off rate and hence an increase in the catalytic efficiency (turnover) of TDG (43, 44) . Similarly, sumoylation could also modulate the function of Ntg1; however, the impact of SUMO modification on Ntg1 function has not yet been explored.
Critical to defining the functional role of SUMO modification of Ntg1 is identifying the SUMO modified sites within Ntg1. In this study, we identify the enzymes that mediate/ regulate sumoylation of Ntg1. We also map the SUMO-modified sites on Ntg1 and perform an initial assessment of the functional importance of sumoylation of Ntg1. In addition, we demonstrate that, similar to Ntg1, human NTHL1 can also be SUMO-modified in response to oxidative stress. Our results suggest that SUMO modification of BER proteins could represent an evolutionarily conserved mechanism by which cells respond to oxidative DNA damage.
Materials and Methods

Strains, Plasmids, and Media
All haploid S. cerevisiae strains and plasmids used in this study are listed in Table 1 . S. cerevisiae cells were cultured at 25°C, 30°C, or 37°C in YPD medium (1% yeast extract, 2% peptone, 2% dextrose, 0.005% adenine sulfate, and 2% agar for plates) or SD medium (0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% dextrose, 0.5% adenine sulfate, and 2% agar for plates). In order to introduce plasmids, cells were transformed by a modified lithium acetate method (46) .
A centromeric vector (CEN, URA3), pRS316 (47) was employed as the backbone for the generation of a construct expressing C-terminally tagged Ntg1-TAP fusion protein (pD0436). The insert was amplified using the primers listed in Table 2 and inserted at the NotI restriction site of pRS316 (47) . The insert includes the tetracycline repressible promoter (Tet-Off) and the C-terminally tagged NTG1-TAP fusion from the DSC0295 strain (24) . The S. cerevisiae haploid deletion mutant ntg1Δ (DSC0470) generated by dissection of tetrads derived from heterozygous diploid hDNP19 (19) , and the SUMO pathway mutant collection (E3 ligase mutant strains, siz1Δ, siz2Δ, and siz1Δ/siz2Δ and desumoylase mutant stains ulp1-ts and ulp2Δ) were utilized to assess the level of sumoylated wildtype and mutant Ntg1 (19, 48, 49) . All lysine to arginine amino acid substitutions (Supplemental Figure 1C) were created by site-directed mutagenesis performed using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene) with the primers listed in Table 2 . The resulting plasmids were sequenced to ensure the introduction of the desired mutation and the absence of any additional mutations.
To express recombinant Ntg1, the NTG1 open reading frame was cloned into pET-15b (Invitrogen) to generate N-terminal His6 epitope tagged His6-Ntg1 (pD0390) ( Table 1) . Site-directed mutagenesis of His6-NTG1 was performed at lysines 20, 38, 376, 388, and 396 (lysines to arginines) to create a nonsumoylatable Ntg1 (ntg1ΔSUMO), His6-Ntg1ΔSUMO (pD0493), and at lysine 243 (lysine to glutamine), His6-Ntg1Δcat (pD0394) ( Table 1) .
Expression vectors were transformed into DE3 cells.
Site-directed mutagenesis at the endogenous NTG1 locus of the wildtype (DSC0367) parent was performed via delitto perfetto protocol (50) to generate ntg1 K20,38,376,388,396R . The resulting variants were then crossed with haploid BER-Nucleotide Excision Repair-(NER-) mutants to create diploids which were then dissected to identify cells with each Ntg1 variant BER*/NER-strain (DSC0367, DSC0369, DSC0371, DSC0561). NTHL1 was cloned from the RG214598 plasmid (Origene) using the NTHL1-Flag primer pair for the addition of the Flag-tag and cloned into the pcDNA3.1 (+) vector using the HindIII and BamHI sites.
Exposure to DNA Damaging Agents
S. cerevisiae cells were grown in 5-35 mL YPD or SD -URA media to either 2 × 10 7 or 1 × 10 8 cells/mL, centrifuged, and washed with water. Cells were then resuspended in 5-35 mL water, YPD, or plated onto YPD agar plates containing the appropriate agent: 20 mM hydrogen peroxide (Sigma); or 0.005-0.3% methyl methanesulfonate (MMS) (Sigma). Cells were exposed to agents for 1-2 hours as indicated at 30°C or 37°C.
Immunoblotting Ntg1
The steady-state level of each Ntg1-TAP fusion protein variant was assessed by immunoblotting whole cell lysates with the rabbit polyclonal anti-TAP antibody (1:3,333 dilution, Open Biosystems) to determine the relative level of differentially modified Ntg1 products. An anti-3-phosphoglycerate (PGK) antibody (1:10,000 dilution; Invitrogen) was used as a control determine the relative level of protein lysate loaded into each lane.
The analysis of immunoblots was performed utilizing the ECL Plex immunoblotting detection system (Amersham), the Typhoon Trio variable mode imager (GE Healthcare), and the ImageQuant TL software package (GE Healthcare). To quantify the percentage of modified Ntg1-TAP, the ratio of modified Ntg1 bands to total Ntg1 signal (including Swartzlander et al. Page 4 modified and unmodified) was determined for wildtype Ntg1 and each lysine to arginine amino acid substitution variant of Ntg1. Previous work demonstrates that modified Ntg1 contains at least one covalently linked SUMO and the size of higher bands is consistent with multiple SUMO additions (24) . Standard error of the mean was calculated for each. The twosample Student's t-test was employed to test for significance (α=0.05).
Cultured cell lines and cell culture
HT29 colon adenocarcinoma cells were cultured in McCoy's 5A modified media (Corning) and supplemented with 10% FBS, penicillin and streptomycin. Cultured cells were passaged every 3-4 days, or upon 80% confluency.
NTHL1-Flag immunoprecipitation
HT29 colon adenocarcinoma cells were seeded at a density of 1×10 6 cells in 100 cm 2 dishes. Transfection of the NTHL1-Flag construct or empty Flag vector was performed using Lipofectamine3000 (Invitrogen) and a final concentration of 10 µg plasmid/dish. The hydrogen peroxide incubation was performed with a final concentration of 125 µM hydrogen peroxide in sterile PBS for 15 minutes at 37°C. All cells were lysed in NP40 buffer (50 mM Tris pH 8.0, 100 mM NaCl, 32 mM NaF, 0.5% NP40 detergent) supplemented with protease and phosphatase inhibitors (Thermo Scientific), and SENP (de-SUMOylase) SUMO-2 aldehyde inhibitors (Enzo Life Sciences). Antibodies for Flag (Rabbit, 2368; Cell Signaling) or IgG (mouse, ab77118; abcam) were conjugated to Protein G Dynabeads (10007D; Life Sciences) for 2 hours prior to adding lysates. For each sample, 500 µg of total protein was added to the beads and rotated overnight at 4°C. Beads were washed three times in NP40 buffer for 5 minutes each. NTHL1-Flag was eluted from the beads using a 3X Flag® peptide (Sigma) for 2 hours at a working concentration of 100 µg/mL per the manufacturer's instructions.
Following Flag peptide elution, samples were added to Laemmli buffer (50% glycerol, 10% SDS, 100 mM Tris, pH 6.8), boiled for 5 minutes at 95°C, and loaded on 4-12% Bis-Tris gels (Invitrogen). Proteins were transferred onto a polyvinylidene fluoride membrane and blocked with 5% ECL prime (GE Healthcare) in 0.1% PBST for 1 hour at room temperature. Blots were incubated in primary antibodies overnight at 4°C. All washes were performed in 0.1% PBST at room temperature, and the corresponding horseradish peroxidase-conjugated secondary antibodies were added for 1 hour. Antigen-antibody complexes were detected using Supersignal™ west pico chemiluminescent substrate kit (Thermo Scientific). Antibodies used for western blotting were: NTHL1 (mouse, cat # MAB2675; R&D Systems) and SUMO-2/3 (rabbit, made in Nicholas Seyfried lab, Emory University).
Structural modeling
The Protein Homology/analogY Recognition Engine version 2.0 (Phyre2) server was used to generate a model of Ntg1 based on its E. coli Endonuclease III homolog (PDB ID: 2ABK). The N-terminal and C-terminal domains do not share homology with E. coli Endonuclease III but align to other bacterial endonucleases. The N-terminal domain aligns to the restriction endonuclease BsaWI (PDB ID: 4ZSF) and the C-terminal domain aligns to the endonuclease BglII (PDB ID: 1DFM). PyMOL Molecular Graphics System, Version 1.8 Schrödinger LLC was used to model these structures.
Overexpression and purification of the recombinant Ntg1 variants for in vitro DNA strand scission assay
To assess the functional consequences of changing five lysines (K20,K38,K376,K388,K396) to arginine within Ntg1, we expressed and purified recombinant protein containing these five amino acid substitutions. We designated this recombinant protein ntg1(K->R) 5 . As controls, we employed wildtype Ntg1 and a catalytic mutant of Ntg1 (lysine 243 to glutamine) which we term ntg1Δcat. Recombinant Ntg1 was purified as previously described (51) . Briefly, Escherichia coli BL21 (DE3) cells containing each variant His6-Ntg1 plasmids were grown to an OD600 of 0.5-1.0 and expression induced for 4 hours at 25°C. Cells were lysed via sonication and the supernatant was applied to Ni-NTA agarose beads purification (Qiagen) to crudely purify the His6-Ntg1 variants. Crude lysate was eluted through a gravity flow column (BIORAD) and dialyzed. Crudely purified His6-Ntg1 variants were further purified to apparent homogeneity by fast protein liquid chromatography.
Preparation of oligonucleotide and DNA strand scission assay
To assess the functional consequences of changing five lysines (K20,K38,K376,K388,K396) to arginine within Ntg1, we employed an in vitro strand scission assay. An oligonucleotide containing dihydrouracil (DHU) at position 13 (DHU-31mer) was purchased from Midland Certified Reagent Company (Midland, TX, USA). A complementary strand containing a guanine opposite the DHU position was obtained from Eurofins MWG/Operon (Huntsville, AL, USA). The DHU-31mer was 5'-end-labeled with [γ-32P] ATP (Amersham) and T4 polynucleotide kinase (Promega) prior to annealing to the complementary strand (24) . Single-stranded DHU-31mer was annealed in a 1:1.6 molar ratio to the appropriate complementary strand, heated to 80°C for 10 minutes and cooled slowly to room temperature.
The AP lyase activity of purified Ntg1 variants (Ntg1, ntg1(K->R) 5 , and ntg1Δcat) was assayed as previously described (51) . Briefly, DNA strand scission assays were carried out in a standard reaction buffer (20 mL) containing 100 mM KCl, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 50 fmol of labeled DNA substrate and 20 fmol of Ntg1 protein. Reactions were performed at 37°C for 15 minutes and then stopped by the addition of 10 µL of loading buffer (90% formamide, 1mM EDTA, 0.1% xylene cyanol and 0.1% bromophenol blue) followed by heating at 95°C for 5 minutes. Reaction products were then resolved on a denaturing-urea polyacrylamide gel (15%) and analyzed with a Typhoon Trio variable mode imager (GE Healthcare).
Functional analysis of Ntg1 in vivo
To test the sensitivity and the biological function of the Ntg1 complete sumoylation null mutant (ntg1 K20,38,376,388,396R ), which we term ntg1ΔSUMO (DSC0561), to DNA damaging agents, a serial dilution and spotting assay was employed. Each strain was grown at 30°C to an OD600 of 0.3 -0.6 in YPD, washed in 5 mL of water, and then diluted to 2×10 7 cells/mL in water. Five-fold serial dilutions of cells were then plated onto plates containing only YPD or YPD with 0.005% MMS. Plates were incubated at 30°C and then analyzed for sensitivity at days 2 and 4.
Growth kinetics experiments were carried out using S. cerevisiae cells that express each Ntg1 variant encoded at the endogenous NTG1 locus in a DNA repair compromised background (DSC0367, DSC0369, DSC0371, and DSC0561). The growth kinetics of four independently isolated ntg1ΔSUMO variants (DSC0561) and four wildtype Ntg1 (DSC0371), all in a DNA repair compromised background, were tested by analyzing growth curves. Ntg1 sumoylation mutants were grown to saturation over 2 days at 30°C in YPD. Cell concentrations were normalized by OD600, and then samples were diluted to an OD600 of 0.05 in 150 µL of YPD medium containing 0, 0.005, or 0.010% MMS and added to the wells of a 96-well microtiter plate. Cell samples were loaded in duplicate, were grown at 30°C with shaking, and absorbance at OD600 was measured every 30 minutes for 48 hours in an ELX808 Ultra microplate reader with KCjunior software (Bio-Tek Instruments, Inc.). The samples for each genotype and duplicate were averaged for every time point and differences between the two genotypes was analyzed by Students t-test.
Results
Genetic analysis of the Ntg1 sumoylation pathway
Our group has previously shown that in response to cellular exposure to hydrogen peroxide, Ntg1 is post-translationally modified by SUMO (24) . As shown in Figure 1A , several Ntg1 bands are detected upon exposure to hydrogen peroxide suggesting that Ntg1 could be modified by multiple post-translational modifications, including the possibility for addition of multiple SUMO moieties. To determine whether SUMO modification of BER proteins that initiate repair is conserved, we tested whether we could detect sumoylation of human NTHL1. For this experiment, we transfected HT29 colon adenocarcinoma cells with NTHL1-Flag or an empty Flag vector. Cells were treated with hydrogen peroxide and immunoprecipitated with anti-Flag or with IgG as a control. Total lysate and bound fractions were subjected to immunoblotting to detect NTHL1 and SUMO. As shown in the top panel of Figure 1B , we detect NTHL1 in the input and NTHL1 is enriched in the bound fraction, as expected. In samples from cells treated with hydrogen peroxide, a higher molecular weight band of NTHL1 appears, suggesting a post-translational modification. Consistent with SUMO modification, a band of the same molecular weight is recognized by an anti-SUMO-2/3 antibody. The extent of modification of NTHL1 is greatly increased in response to hydrogen peroxide exposure ( Figure 1B, 
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To define the pathway by which Ntg1 is SUMO modified, we examined S. cerevisiae cells lacking the E3 ligases, Siz1 and Siz2, as well as Siz1/Siz2 double deletion cells (53, 60) . We first examined Ntg1 sumoylation in these siz1Δ and siz2Δ mutant cells in response to hydrogen peroxide exposure ( Figure 1C , D). In the siz1Δ cells, we detected reduced levels of Ntg1 sumoylation (1.5%) compared to wildtype control cells (4.7%) ( Figure 1D ). The level of Ntg1 sumoylation in the siz2Δ cells was largely unchanged (3.2%) as compared to wildtype. In the siz1Δsiz2Δ double mutant cells, we could not detect Ntg1 sumoylation ( Figure 1C, D) . These results demonstrate that Siz1 is the primary E3 ligase responsible for hydrogen peroxide-induced sumoylation of Ntg1 while Siz2 could play a minor role in Ntg1 sumoylation.
We next examined Ntg1 sumoylation in cells defective for the SUMO proteases, Ulp1 and Ulp2. The ULP1 gene is essential so we employed a temperature sensitive mutant, ulp1-1 (ulp1-ts) (61) , and shifted cells to 37°C to inactivate Ulp1. The levels of hydrogen peroxideinduced Ntg1 sumoylation in the ulp1-ts mutant were significantly higher than in the wildtype control cells. The ulp1-ts mutant cells displayed 10.9% monosumoylated Ntg1, contrasting with 4.7% monosumoylated Ntg1 detected in the wildtype cells ( Figure 1C, D) .
In contrast to the ulp1-ts cells, ulp2Δ cells exhibit no detectable change in sumoylation in response to hydrogen peroxide exposure when compared to wildtype ( Figure 1D ). These results suggest that Ulp1 serves as the primary de-sumoylase for Ntg1.
Sumoylation is a dynamic process where only a very small percent of sumoylated product is present at any given time (35) . In fact, in wildtype cells, without exogenous exposure to reactive oxygen species (ROS) or oxidative stress, we do not detect modification of Ntg1 ( Figure 1A ). To determine whether Ntg1 is modified only in response to hydrogen peroxide or is endogenously modified at low levels, we examined Ntg1 sumoylation in the ulp1-ts cells and the ulp2Δ mutant cells in the absence of any treatment. Loss of Ulp1 function resulted in a dramatic increase in both monosumoylated and multi-modified Ntg1 compared to wildtype ( Figure 1E , F). In contrast, loss of Ulp2 had no impact on Ntg1 sumoylation levels. These data indicate that Ntg1 can be sumoylated in the absence of exogenous stress.
Identification of Ntg1 sumoylation sites
Sumoylation occurs on lysine residues, typically within SUMO consensus sequences (62, 63) . More than two-thirds of known SUMO substrates contain at least one consensus sumoylation motif Ψ-K-x-D/E (where Ψ is a hydrophobic residue, K is the lysine conjugated to SUMO, x is any amino acid, and D/E is an acidic residue) (62, 63) . We used freely available search engines to identify predicted sumoylation sites in both NTHL1 and Ntg1 (Supplemental Figure 1A, B ). Prediction software identified multiple candidate sumoylation sites in NTHL1 (Supplemental Figure 1A) . To identify candidate sumoylation sites in Ntg1, we used a combination of five SUMO prediction programs: and Supplemental Figure 1B ). Consensus and non-consensus motifs of identified putative sumoylation sites and prediction scores are shown in Supplemental Figure 1B .
We initially tested for SUMO modification within these sites on Ntg1 via mass spectrometry. However, when we analyzed the bacterially expressed Ntg1 through mass spectrometry the peptides containing the putative SUMO modification sites were not detected. As an alternative approach, to determine which of these putative sites are sumoylated and to generate a form of Ntg1 that cannot be sumoylated, we performed site-directed mutagenesis to create conservative amino acid substitutions of the ten putative sumoylation site lysines to arginines. These substitutions were made in order of predicted site strength for all single sites (Supplemental Figure 1C) . In total, we created 25 single and combination lysine to arginine substitutions beginning with a single substitution and proceeding with double, triple, etc. substitutions (Supplemental Figure 1C) . We then analyzed the sumoylation status of all the resulting variants of Ntg1 in response to hydrogen peroxide.
The single lysine to arginine substitutions were tested first and the results showed that all Ntg1 variants containing single lysine to arginine substitutions can still be sumoylated ( Figure 2B ). Quantification of the single substitution data showed that one substitution examined (K396) results in a detectable decrease in the amount of monosumoylated Ntg1, suggesting that K396 could be the primary site of monosumoylation ( Figure 2C ). The finding that no single lysine to arginine substitution leads to a complete loss of SUMO modification supports our earlier results suggesting that Ntg1 is sumoylated at multiple lysines simultaneously. Thus, multiple substitutions are required to produce a variant that cannot be sumoylated. Single substitution of the five putative non-consensus sumoylation sites (K157, 194, 255, 359, 364) did not alter levels of Ntg1 sumoylation, indicating that these sites are not essential for Ntg1 sumoylation. Next, we tested a series of combinations of lysine to arginine Ntg1 variants for sumoylation. The double and triple mutant proteins involving the N-and C-termini, Ntg1 K20,38R -TAP and Ntg1 K20,38,376R -TAP, can both still be sumoylated ( Figure 2B, C) . The quadruple mutant protein, Ntg1 K20,38,376,388R -TAP, shows only a single sumoylated species; while an additional K396 to arginine substitution, leads to the complete loss of all detectable SUMO-modification of Ntg1 (ntg1ΔSUMO). For the collection of variants, changes in the levels of Ntg1 sumoylation were quantified and are presented in Table 3 . These results demonstrate that Ntg1 is sumoylated at any of five consensus sumoylation sites and that all five sites must be simultaneously changed to arginine to generate an Ntg1 variant that cannot be modified by SUMO. Supplemental Figure 1C shows all of the combinations of Ntg1 variants generated and summarizes the total sumoylation loss. Thus, we have identified the five lysine residues within Ntg1 that can be sumoylated.
The lysines within Ntg1 that can be sumoylated reside in the N-and C-terminal domains that are specific to the eukaryotic enzyme and outside of the 307 residues which comprise the evolutionarily-conserved catalytic core with homology to the bacterial Endonuclease III protein (69) . To provide insight into the location of these lysines within the threedimensional structure of Ntg1, we generated a homology model of S. cerevisiae Ntg1 ( Figure 3A) using the Protein Homology/analogY Recognition Engine version 2.0 (Phyre2) (70) . The predicted model ( Figure 3A) is based on the structure of the E. coli Endonuclease Swartzlander et al. Page 9 III protein (PDB ID: 2ABK). Tan regions display the high confidence (90%) homology mapping of the region of Ntg1 (amino acids 95-335) with homology to Endonuclease III (Figure 2A) . The magenta and green regions correspond to the N-terminal (amino acids 1-94) and C-terminal (amino acids 335-399) domains, respectively (Figure 2A) . Although the N-and C-terminal domains of Ntg1 do not align to Endonuclease III, they are modeled based on homology to other endonucleases. The N-terminal domain aligns to the restriction endonuclease BsaWI (PDB ID: 4ZSF) and the C-terminal domain aligns to the endonuclease BglII (PDB ID: 1DFM). Based on our homology model ( Figure 3A) , the five lysines that we defined as SUMO modification sites are all surface exposed, consistent with being accessible for modification.
As sumoylation influences DNA binding and turnover of TDG (43-45), we analyzed the proximity of the sumoylation sites to the DNA binding and catalytic centers in our Ntg1 model. The structure of sumoylated-TDG (PDB ID: 1WYW) shows the close proximity of the SUMO modification to the DNA binding and catalytic site of TDG (71), illustrating why sumoylation of TGD might influence TGD catalysis. To assess whether sumoylation could impact DNA binding or catalysis by Ntg1, we superimposed our model of Ntg1 with the structure of Endonuclease III ( Figure 3A ). Previous work implicated K120 and D138 in catalysis and K191 in DNA binding of Endonuclease III ( Figure 3A ) (69) . We identified the analogous amino acids in our model of Ntg1 (Figure 3A, B ). Loop residues in Endo III corresponding to residues 314-318 in Ntg1 are important for DNA binding ( Figure 3B ). Both the catalytic residues and the DNA binding loop in Ntg1 are distant from the sumoylated lysines and extend from the opposite face of the protein. This analysis suggests that sumoylation is unlikely to directly influence Ntg1-mediated catalysis.
In vitro functional analysis of the nonsumoylatable Ntg1 variant, ntg1 K20,38,376,388,396R (ntg1(K->R) 5 )
Although changing a lysine residue to an arginine residue conserves the charge and size of the amino acid, such modest changes could induce a conformational change potentially impacting function. To address whether the conservative substitution of the five lysines that constitute the Ntg1 sumoylation sites (K20, K38, K376, K388, K396) impacts the catalytic activity of Ntg1 in vitro, we employed an in vitro oligonucleotide cleavage assay to compare the enzymatic activity of wildtype Ntg1 to ntg1 K20,38,376,388,396R , which we designate ntg1(K->R) 5 . The oligonucleotide substrate contains dihydrouracil (DHU) which is an Ntg1 substrate (72) . As a control, we employed a catalytically inactive Ntg1 (ntg1Δcat) variant created by changing the catalytic lysine at position 243 to glutamine (73) . We incubated purified recombinant His6-Ntg1 variants with the oligonucleotide containing the Ntg1 substrate and detected Ntg1 enzymatic activity as cleavage of the oligonucleotide at the position of the DHU (26) . As shown in the cleavage assay presented in Figure 4B , His6-ntg1(K->R) 5 shows enzymatic activity comparable to wildtype His6-Ntg1 whereas a catalytically inactive form of Ntg1, His6-ntg1Δcat, did not cleave the substrate. We quantitated the results of three independent cleavage experiments ( Figure 4C ). These results confirm that there is no difference in the activity of ntg1(K->R) 5 compared to wildtype Ntg1 in this assay. These results indicate that changing the five SUMO modification sites from lysine to arginine does not alter the enzymatic activity of Ntg1. 
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Functional analysis of Ntg1 in vivo
Previous studies showed that Ntg1 is SUMO-modified in response to treatment with hydrogen peroxide (24) . To assess whether other types of DNA damage can induce Ntg1 sumoylation, cells were exposed to methyl methanesulfonate (MMS), which induces alkylating DNA damage (74, 75) . As shown in Figure 5A , Ntg1 is sumoylated in response to treatment with MMS. We exploited this observation to examine how cells that express an Ntg1 variant that cannot be modified by SUMO (ntg1 K20,38, 376,388,396R ), which we designate ntg1ΔSUMO, respond to DNA damage. For these experiments, Ntg1 or ntg1ΔSUMO was expressed either in base excision and nucleotide excision repair (NER)proficient wildtype cells (WT) or repair-deficient (ntg1Δntg2Δapn1Δrad1Δ) cells, which lack BER and NER (B-/N-) (19, 76) . Cells were exposed to MMS and the growth characteristics of these cells expressing wildtype Ntg1 were compared to those expressing ntg1ΔSUMO. We then examined growth in the absence or presence of MMS ( Figure 5B ). Growth was analyzed at days 2 and 4 following serial dilution and spotting on plates. As expected (76) , the repair proficient (WT) cells grew well under all conditions tested, regardless of which Ntg1 variant was expressed. In contrast, the repair-deficient cells display slow growth in the presence of MMS even with wildtype NTG1. The repair-deficient ntg1Δ cells were extremely sensitive to MMS ( Figure 5B) . Surprisingly, the ntg1ΔSUMO cells were less sensitive to MMS compared to cells with wildtype NTG1. This result suggests that sumoylation of Ntg1 could be important for coordinating DNA repair with cell cycle progression or DNA damage response.
To further examine the growth of the ntg1ΔSUMO cells following treatment with MMS, growth curves were generated for wildtype, repair-deficient cells, Ntg1 in repair-deficient cells, and ntg1ΔSUMO in repair-deficient cells grown in YPD with and without MMS ( Figure 5C, D) . The results indicate that repair-deficient cells that express ntg1ΔSUMO emerge from lag-phase earlier than repair-deficient cells expressing wildtype Ntg1 ( Figure  5D ). As expected, repair-deficient cells expressing either Ntg1 or ntg1ΔSUMO grew equally well in the absence of MMS ( Figure 5C ). These data further suggest that the sumoylation of Ntg1 plays a role in coordinating the growth arrest that occurs in response to DNA damage.
Discussion
We report here that SUMO modification is a conserved post-translational modification of S. cerevisiae Ntg1 and the human orthologue, NTHL1. In S. cerevisiae, we identified the two SUMO ligases, Siz1 and Siz2, and the desumoylase, Ulp1, critical for reversible regulation of this modification. We mapped the sites of SUMO modification in Ntg1 and created an Ntg1 that cannot be SUMO modified. Our preliminary analysis of this non-sumoylatable form of Ntg1 reveals that SUMO modification may be important for proper cellular response to DNA damage.
We identified Ulp1 as the primary desumoylase for Ntg1 with little impact of Ulp2. As the primary role of Ulp2 is to remove SUMO from poly(SUMO) chains (55), and we detect no change in SUMO modification of Ntg1 in ulp2Δ mutant cells ( Figure 1C, D) , we speculate that Ntg1 could be modified by multiple independent SUMOs rather than a single chain of multiple SUMOs. This model is consistent with our finding that five different lysine residues 
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Author Manuscript in Ntg1 can be modified by SUMO. While we cannot rule out the possibility that the Ntg1-TAP used in this study is also modified by other post-translational modifications, the band shifts are consistent with the molecular size and charge of multiple SUMO molecules. Consistent with a possible role for additional post-translational modifications, mass spec analysis reveals that Ntg1 serine 71 is phosphorylated (77) . Regardless, the data presented here in combination with our previous publication (24) show that Ntg1 is SUMO modified by at least one SUMO molecule and that there are at least five lysines on Ntg1 that can be SUMO modified. These SUMO molecules could coordinate other post-translational modifications.
Our data show that both hydrogen peroxide and MMS can induce sumoylation of Ntg1 (24) . Like hydrogen peroxide, treatment with MMS can cause oxidative stress and generate ROS (78) . Therefore, we cannot yet clearly distinguish whether hydrogen peroxide and MMS trigger sumoylation of Ntg1 through the same or distinct mechanisms. Further work will be required to determine how the sumoylation machinery responds to DNA damage and/or oxidative stress. Regulation could occur through activation of SUMO E3 ligases or through inhibition of the Ulp1 desumoylase. Further analysis will be required to dissect this mechanism.
Sumoylation can influence numerous functions of a protein including catalytic activity, localization, stability, and/or protein-protein interactions (79) . As sumoylation plays a role in regulating the binding capabilities of TDG by modulating the interaction with DNA, sumoylation could also impact the DNA binding ability of Ntg1. However, based on homology modeling and mapping of the sumoylation sites, our model suggests that sumoylation at any of the five sites we identified likely does not directly interfere with the DNA binding to Ntg1. Consistent with this result, none of the Ntg1 lysine to arginine substitutions altered catalytic activity of the recombinant protein in vitro (Figure 4 ). With respect to localization, Ntg1 sumoylation at K20 and K38 on Ntg1 are within or just adjacent to the consensus organelle targeting localization sequences. The N-terminus of Ntg1 contains a mitochondrial targeting sequence (MTS) at amino acids 1-26 and a classical bipartite nuclear localization signal (cNLS) at amino acids 14-17 and 31-37 (51) . The proximity of the sumoylation sites, specifically K20 and K38, to these localization signals suggests a potential role for sumoylation in regulating subcellular localization of Ntg1. In fact, our previous biochemical fractionation studies showed that sumoylated Ntg1 is detected only in the nucleus (24) . Consistent with a conserved regulatory model, human NTHL1 also contains putative SUMO sites at K56 and K60 that overlap a predicted cNLS at amino acids 56-60 (Supplemental Figure 1A) . Another possible function of sumoylation is to modulate proteinprotein interactions (79) . Little is known about the interacting partners of Ntg1. One high-throughput yeast two-hybrid study identified two DNA damage response proteins, Rad59 and Rfc2, as physical interactors of Ntg1 (80) . Rad59 is involved in double strand break repair (81) , and Rfc2 is part of the ATPase clamp loader for the proliferating cell nuclear antigen (PCNA) processivity factor for DNA polymerases (82) . As both of these proteins are implicated in DNA damage response, they could mediate crosstalk between BER and the DNA damage response pathway. A critical next step in understanding the functional impact of sumoylation on Ntg1 is to identify SUMO-dependent interacting proteins.
Our data ( Figure 5B , C, D) show cells expressing ntg1ΔSUMO display more rapid growth compared to cells expressing wildtype Ntg1 in a DNA repair deficient background in response to MMS. Alkylation damage induced by MMS can be mutagenic and lead to cytotoxic blockage of replication forks (75, 83, 84) . One possibility is that sumoylation of Ntg1 is required for proper checkpoint activation or maintenance. Cell cycle checkpoints are activated by sensor proteins, such as Rad9 (85), detecting an increase in DNA damage and initiating a signal cascade that ultimately leads to activation of Rad53, the protein kinase responsible for cell cycle arrest (86, 87) . Activation of Rad53 is critical for stabilization of replication forks and activating the DNA repair pathway (81) . Interestingly, improper activation of Rad53 results in an increased resistance to MMS via engagement of translesion synthesis (TLS) (88) . Further investigation of this potential connection between the DNA checkpoint protein, Rad53, and the BER protein, Ntg1, could reveal a novel DNA damage response activator.
A number of studies have identified roles for SUMO in modulating DNA repair (89) (90) (91) (92) (93) (94) (95) (96) (97) (98) . The work presented here suggests SUMO-mediated regulation could extend to the evolutionarily conserved BER pathway. Indeed regulation of the initial step of the BER pathway could be crucial to ensure genome integrity. alone immunoprecipitation was included as a control. The blot was probed with NTHL1 and SUMO-2/3 antibodies as indicated. C. Wildtype (WT), siz1Δ, siz2Δ, siz1Δsiz2Δ, ulp1-ts, or ulp2Δ cells were transformed with a plasmid expressing Ntg1-TAP. Cells were (C) exposed to 20 mM hydrogen peroxide or (E) not treated. Cells were incubated at 30°C except ulp1-ts cells which were shifted to the non-permissive temperature of 37°C. Each sample was lysed, immunoblotted, and bands were quantified. 
Strain or Plasmid Description References
DSC0558
MATa ntg1 k20,38,376,388R rad1::kanMX ntg2::BSD apn1::TRP1 DSF1::URA3 his7-1 lys2Δ5′::LEU-lys2Δ3′ ade5-1 trp1-289 ura3-52
This study DSC0561 MATa ntg1 k20,38,376,388,396R rad1::kanMX ntg2::BSD apn1::TRP1 DSF1::URA3 his7-1 lys2Δ5′::LEU-lys2Δ3′ ade5-1 trp1-289 ura3-52
This study DSC0555 MATa ntg1 k376,388,396R rad1::kanMX ntg2::BSD apn1::TRP1 DSF1::URA3 his7-1 lys2Δ5′::LEU-lys2Δ3′ ade5-1 trp1-289 ura3-52
This study pD0390 pET-15b His6-NTG1 
